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ABSTRACT: Production risers are used to conduct oil or gas from the wellhead to an offshore production facility. Due to technical
challenges with flexible marine pipe at large depths, there has been a move to steel catenary risers (SCRs) in recent years, due to
the availability of high strength low alloy (HSLA) steels, such as bainitic X100. HSLA steels make SCRs a viable option for deep
water due to the reduction in complexity and hence cost, compared to flexible pipes. However fatigue response is an important
factor in their design, particularly in the vicinity of welded connections. In this paper, a two-stage low cycle fatigue (LCF) model
is presented to simulate damage accumulation associated with both early cycles and later at near-failure cycles. The LCF model
is implemented in combination with a high cycle fatigue model (HCF) in an Abaqus UMAT subroutine for riser simulations. The
calibrated LCF-HCF, UMAT is used to analyse the case study of a girth weld under fatigue load in a steel catenary riser. The
model incorporates complexities of the weld geometry in addition to the effects of damage when calculating the fatigue life.
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INTRODUCTION

While renewable energy sources continue to increase in
market share, it is still anticipated that production of offshore
oil and gas will remain an important sector to cater for the
increasing energy demands globally. Additional offshore
installations will be required with many of these being in deep
(125 m to 1,500 m depth) and ultra-deep (in excess of 1,500 m
depth) water. In more recent offshore developments, such as the
Shell Stones field [1], the industry is seeing a move to depths
of the order 3,000 m. Steel catenary risers (SCRs) are now
being used more widely for offshore oil and gas extraction, due
to improved viability for deep and ultra-deepwater installation,
in terms of capital expenditure requirements and their structural
capacity, as compared to flexible risers; SCRs are expected to
account for much of the offshore riser installations planned to
2026 [3]. However, a particular concern for more widespread
use of SCRs is the performance of welded connections under
fatigue loading arising from the high dynamic loads
encountered in the offshore environment.
The use of high strength low alloy (HSLA) steels with
higher strength is of major interest to the offshore industry,
since this enables significant reduction in weight, as well as
reductions in axial stress for the SCR, at the production facility.
An additional benefit that can be achieved from application of
HSLA steels is an improved efficiency in installation and
welding as a result of pipes with reduced wall thickness. API
5L X100Q [2] is a high strength Q&T pipeline steel that can
potentially result in improved efficiencies for the benefit of the
offshore industry. Figure 1 illustrates a schematic of an SCR
that is attached to a floating production storage and offloading
(FPSO) vessel.
The performance of SCRs under fatigue is an important
design factor. The risers are subject to fatigue loading resulting
from large deformations occurring during installation and inservice dynamic movement of the floating production system.
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Typically, these SCRs are fabricated from 12 m long low alloy,
high-strength steel pipe with advantages in terms of reduced
overall cost and relative ease of fabrication. Pipe sections are
joined by girth welding offshore or onshore subject to the
installation approach. Defects and discontinuities linked with
welded connections are frequently important factors that
determine the fatigue performance of SCRs. Thus, the need to
fully understand and assess the fatigue response of welds in
high-strength SCRs has been identified as a challenge,
particularly in the context of next generation high-strength
SCRs.

Figure 1 Schematic of an SCR connected to an FPSO
This paper describes a combined experimentalcomputational programme that is aimed at more rigorously
assessing welded connections in SCRs. Laboratory fatigue
testing is carried out on parent metal (PM) and weld metal
(WM) to establish the relevant material and fatigue properties.
A two-stage low cycle fatigue (LCF) damage model is
utilised and this captures the damage evolution for X100 that is
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observed experimentally, and can be used to predict fatigue life.
This two-stage approach is implemented in combination with a
non-linear continuous damage (NLCD) HCF model through an
elastic-plastic non-linear kinematic and isotropic hardening
(NLKIH) UMAT subroutine in a 3D finite element (FE) Abaqus
model. An SCR girth weld case study is then analysed using a
global-local approach. At the global level, the offshore FE
analysis package, Flexcom [4], is used to determine the
dynamic loading conditions for the local model. This local
model then uses the Abaqus UMAT to predict both damage and
fatigue lives for the girth weld.
2

D = 1 – Ẽ/E

(1)

Here, the initial elastic modulus is E and the cyclic tensile
unloading modulus is Ẽ. Figure 4 illustrates the measured
damage accumulation for both the PM and WM at a strain range
of 1.2%. During the early cycles, a small amount of damage is
seen to accumulate relatively quickly and then plateaus (at D ~
0.1 in the figure) for much of the life. This damage stays
relatively constant until damage again accumulates rapidly just
before failure will occur.

FATIGUE TESTING

The constitutive and fatigue properties of X100Q were
characterised in a comprehensive experimental programme
involving tensile and LCF testing. LCF testing was carried out
using a 100 kN Instron 8500 in strain control. All tests were at
room temperature and were carried out at five different strain
ranges (0.6% - 1.2%) at a strain rate of 0.2%/s. Figure 2
presents the results for X100Q PM at (a) the 1st cycle, N=1 and
(b) N=Nf/2 where Nf are the number of cycles for failure.
Cyclic softening can be seen through comparison of the two
plots and this will be further examined in Section 4. Figure 3
compares the responses for PM and WM at a strain range of
1.2% at (a) N=1 and (b) N=Nf/2 with some differences
observed during the early stages of loading.

Figure 4 Damage accumulation in PM and WM; Δε =
1.2%
3

CONSTITUTIVE AND DAMAGE MODELLING

Based on the damage mechanics approach, initially
developed by Kachanov [5] and Rabotnov [6], the damage is
modelled as a reduction in the load resisting area. Under the
assumption that the damage is isotropic, the effective area 𝑆̃,
that resists the load can be defined as follows:
(2)
𝑆̃ = 𝑆 − 𝑆𝐷 = 𝑆(1 − 𝐷)
Figure 2 PM stress-strain response for (a) N=1 and (b)
N=Nf/2 at five different strain ranges

where 𝑆𝐷 represents the total area of the defects and 𝑆 is the
total area normal to the loading. Thus, the effective stress 𝜎̃
may be expressed as:
𝜎̃ =

𝜎𝑆
𝜎
=
= 𝐸𝜀 𝑒
(1 − 𝐷)
𝑆̃

(3)

The NLKIH plasticity model of Chaboche [7] is utilised
here for the constitutive model because of its relative simplicity
and capabilities in describing general cyclic deformation
behaviour. The model is augmented to incorporate damage by
introducing an effective stress term, as shown in Equation (4),
in the elasticity law and the yield function using strain
equivalence, as follows:
(a)

(b)

Figure 3 Stress-strain response for PM and WM (a) N=1
and (b) N=Nf/2; Δε = 1.2%
Tensile unloading modulus degradation was utilised to
evaluate the damage evolution in the fatigue tests. This is done
through Equation (1) as follows:

𝜺𝐞 =

1+𝜐
𝝈
𝜈 𝑇𝑟(𝝈)
(
)− (
)
𝐸 1−𝐷
𝐸 1−𝐷

(4)

where the elastic strain tensor is 𝜺𝐞 , 𝝈 is the stress tensor, the
elastic modulus is 𝐸 and 𝜈 is Poisson’s ratio for the material in
the undamaged state. The von Mises yield function is given by
𝝈
𝑓=(
− 𝝌) − 𝑅 − 𝑘
(5)
1−𝐷
eq
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where 𝝌 is the kinematic back-stress tensor, 𝑅 is the isotropic
softening term, the initial cyclic yield stress is 𝑘 and ‘eq’
indicates the von Mises stress. The flow rule is determined
through Equation (6).
𝝈
̇ (1 − 𝐷 − 𝝌)
𝑑𝑓
3
𝜆
dev
𝜺̇ 𝐩 = 𝜆̇
=
(6)
𝑑𝝈 2 1 − 𝐷 ( 𝝈 − 𝝌)
1−𝐷
eq
where 𝜺̇ 𝒑 is the plastic strain rate tensor, the plastic multiplier
is 𝜆̇ and the deviatoric stress is denoted by ‘dev’.
The complex material processes of softening and
hardening are captured through three back-stress terms and two
terms for isotropic softening (for initial softening and softening
prior to failure). The kinematic hardening evolution model for
each of the three back-stresses, 𝝌𝒊 , is given as:
2
(7)
𝝌̇ 𝐢 = 𝐶i 𝜺̇ 𝐩 (1 − 𝐷) − 𝛾i 𝝌𝐢 𝑝̇
3
where 𝐶i are the hardening moduli, 𝛾i are the kinematic
hardening recall parameters and the accumulated effective
plastic strain rate is given by 𝑝̇ . The total back-stress is then
𝝌 = ∑ 𝝌𝐢 .
The evolution of the Chaboche non-linear isotropic terms,
including damage, is determined as follows
𝑅̇i = 𝐵i 𝑄i (1 − 𝐷)𝑝̇ − 𝐵i 𝑅i 𝑝̇

(8)

where the saturation stresses are 𝑄i , the rates of saturation are
controlled by 𝐵i and in addition, 𝑅 = ∑ 𝑅i .
While there are a significant number of material
parameters, an optimisation procedure has been developed and
implemented in MATLAB which uses the damage-coupled
NLKIH cyclic plasticity model. The approach reduces the
effort necessary to determine the constitutive parameters. This
takes account of the effect of material degradation induced by
damage. The specifics of this are described in more detail in
Devaney et. al. [8,9]. The optimised PM parameters are given
in Table 1, while corresponding values were also established
for the WM.
Table 1 Optimised PM Properties

material, as shown in Figure 5. The microcrack development
occurs as a result of stress concentrations occurring at locations
such as voids or inclusions [10]. Primary damage is defined as
this early-life fatigue damage. This accumulates quickly during
initial cycles and the damage then tends to remain relatively
constant from about 10% of the total life. As additional growth
of the microcracks is prevented due to obstacles in the material.
This damaged state corresponds to much of the life during a
fatigue test and this is also presented in Figure 5. The
accumulation of primary damage is modelled with the
accumulated effective plastic strain energy.

Figure 5 Experimentally measured damage with schematics
of of the different damage stages
After continued loading, growth of microcracks will
eventually take place along energetically favourable paths and
these will coalesce to create macroscale cracks and this
corresponds to secondary damage. These larger cracks rapidly
grow and this then leads to failure, as shown at around 10,000
cycles in Figure 5. The term for accumulation of secondary
damage is from the Lemaitre strain energy density (SED)
model [11].
These two primary and secondary damage terms are not
presented here due to space limitations but are summarised in
Devaney et. al. [8,9].
4.2

HCF Damage Model

Chaboche developed the uniaxial NLCD HCF model
related to remaining life and continuum damage [12] and this
was further extended to account for the multiaxial scenario.
The multiaxial form has been implemented through Abaqus
and predicts stress based damage accumulation [8,9].
4.3

4
4.1

DAMAGE MODELLING
Two Stage LCF Damage

From the response exhibited by the test data, a two-stage
LCF model for damage is implemented that accounts for
fatigue damage in early-life and the subsequent degrading of
the material properties. Fatigue damage in early-life is
associated with microcrack formation and nucleation in the
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Combined HCF-LCF Damage

The two-stage LCF and the NLCD HCF damage models
were all then implemented into a cyclic plasticity UMAT in the
Abaqus finite element package. The key task is to evaluate the
appropriate damage value at each of the integration points, at a
given load step. Thus, the incremental primary and secondary
LCF damage values are separately determined, in addition to
the increment in HCF. The largest of these three predicted
damage levels for this loading step is used as the value of
damage for that point during the next loading step. This process
is repeated at all integration points.
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4.4

Results

Figure 6 presents the stress-strain responses for the first
cycle and at the half-life cycle for PM fatigue tests, with the
experimental data (coloured symbols) compared against those
calculated through the damage model (solid lines). Very good
correlation is evident between the experimental data and the
analysis predictions.

(a)

range of 1%. The model predicted evolution of stress again
agrees well with the test results.
Comparisons between the stress amplitude evolution as
predicted by the model and the measured values at each cycle
for strain ranges of 1%, 0.8%, 0.7% and 0.6% are presented in
Figure 8. Predictions from the model demonstrate clear
correlation with data from the experimental testing.

(b)

Figure 8 Evolution of stress amplitude in PM for strain
ranges of 1%, 0.8%, 0.7%, and 0.6%; Comparison of
experimental data and model predictions

(c)

(d)

Figure 6 Comparison between experimental and computed
stress strain response (a) Δε = 0.8%, N=1, (b) Δε = 0.8%,
N=Nf/2, (c) Δε = 0.7%, N=1, (d) Δε = 0.7%, N= Nf/2

(a)

Figure 9 presents comparisons between the experimental
damage evolution (measured using Equation (1)), and the
damage calculated from the LCF damage model for four
different strain ranges (1%, 0.8%, 0.7% and 0.6%). The
accumulation of primary damage that is calculated by the
model agrees well with the experimental damage at early-life
for all cases.
The damage accumulation at the end of life, as, calculated
through the two-stage LCF damage approach also agrees well
with that from the experiments. These fatigue lives differ by
less than 4% from the experimental values with the exception
of the 0.7% test. In this test, it appears that a flaw on the surface
of the specimen surface resulted in an early failure. However,
based on all other results, there is confidence that the damage
and life predictions from the LCF damage model does give an
accurate estimate of the failure lifetime for the 0.7% test.

(b)

(c)

Figure 7 Comparison between experimental and computed
stress strain results Δε = 1.0% (a) N=1, (b) N=Nf/2, (c) N=Nf
Figure 7 illustrates how the damage-coupled constitutive
model can simulate the stress-strain evolution from cyclic
softening and the degrading of material properties due to
damage, using the two-stage LCF damage model, at a strain

Figure 9 Experimentally measured damage evolution
compared with model predicted values for X100Q PM at four
stain ranges
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5

CASE STUDY: SCR GIRTH WELD

A global-local analysis approach is used here for the SCR
girth welds and this is integrated with the HCF-LCF damage
UMAT at the local level. The global model is for the full SCR,
shown schematically in Figure 1 and this phase of the analysis
is carried out using Flexcom, the FE offshore analysis package.
The SCRs are simulated in the Flexcom global analysis with
two-node hybrid beam-column elements having fourteen
degrees of freedom, [13]. These elements are designed
specifically to account for the low bending stiffness and very
large non-linear 3D displacements and rotations that are
associated with offshore risers.
Global simulations are carried out for a 3,000 m deep freehanging SCR (as shown in Figure 1), based on loadings that are
typical of the Gulf of Mexico. SCR dimensions correspond to
pipe section having an outer diameter of 323.8 mm with a 28.6
mm wall thickness. For the purposes of hydrodynamic drag in
these global analyses, it is assumed that there is an additional
63.5 mm thick insulation coating on the outside.
For all loading scenarios considered in these analyses, the
critical location from the fatigue performance perspective is the
hang-off region, immediately below the FPSO. This hang-off
region had the highest peak stresses and alternating stress
range, resulting from the high SCR self-weight. The results
from these global analyses are extracted from this region and
these loads are then applied to the 3D sub-models of the pipe
section in Abaqus for fatigue analyses.
“Sub-model 1”, as illustrated in Figure 10a, is a 660 mm
long pipe section that includes the girth weld. The applied loads
for this sub-model include internal and hydrostatic pressure,
and varying tension, bending moment and torque as a result of
the wave loading. The results computed in the sub-model 1
analysis are then used in a more detailed subsequent model of
a weld region. This is labelled “Sub-model 2” in Figure 10b.
Mesh convergence was assessed for sub-model 2 using the
maximum predicted principal stress and the life estimated
through the integrated NLCD approach. Figure 11 shows the
converged meshes for (a) sub-model 1 and (b) sub-model 2.

Figure 10 Pipe sub-models in 3D analyses
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Figure 12 presents a contour plot of the damage in the vicinity
of the weld, as evaluated at failure, from the combined HCFLCF damage model with a wave amplitude of 7m. Failure is
considered to have occurred in the analysis when the value of
damage at an integration point reaches 1.
The fatigue lives calculated in the most critical location
for the girth weld, are shown in Figure 13 for a range of wave
amplitudes. For comparison purposes, these life predictions for
the girth weld are presented along with two additional
estimation techniques; (i) the integrated NLCD model [12] and
(ii) the Smith-Watson-Topper (SWT) model [14]. The latter
uses the stress-based Basquin, and plastic strain-based CoffinManson equations to form a total life equation, also accounting
for mean stress effects. In these studies, the emphasis is with
examining the geometric effects around the weld and PM
material properties are taken in all parts of the sub-model 2
analysis.

(a)

(b)

Figure 11 Converged FE meshes for (a) sub-model 1 and (b)
sub-model 2

Figure 12 Damage accumulation contour plot at failure for an
SCR girth weld under a 7 m amplitude wave
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DISCUSSION

In this paper, a HCF-LCF damage model has been
described that effectively captures fatigue damage
accumulation that has been observed experimentally. This
model can also be used to evaluate the fatigue life. This model
was implemented together with a non-linear kinematicisotropic (NLKIH) hardening model that takes account of the
effects of the observed damage at the early stages of the life.
The model was calibrated and validated using the experimental
fatigue data for X100Q.

approach is not used in the SWT model. The conservative life
predictions from the integrated NLCD model as compared to
the HCF-LCF model are likely due to the fact that the model
does not incorporate the evolution of stress-strain response
resulting from plasticity and damage.
It must also be noted that the modelling carried out did not
consider possible weld defects. This girth weld case study also
did not include the differing material properties associated with
the WM or the heat affected zone [9] and it did not account for
residual stresses. Potentially, these can all impact negatively on
fatigue life [9]. However it is evident in Figure 12 that there are
high levels of damage near the weld toe, emphasising the
importance of the weld geometry itself as a site for damage
accumulation. Further, the framework presented here can be
extended in a relatively straightforward manner to address
some of the issues identified such as the different material
properties in the weld region.
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Figure 13 Girth weld fatigue lifetimes predicted from the
LCF-HCF model, the integrated NLCD model and the critical
plane SWT approach
The initial fatigue damage is a significant factor in the
cyclic softening response that was observed experimentally.
The model fully captures the observed stress-strain behaviour,
accumulation of damage and fatigue life for the SCR steel over
the complete loading range. The damage-coupled constitutive
model demonstrates good correlation with the evolution of the
stress-strain and the fatigue damage that were seen
experimentally, from Figure 8 and Figure 9 respectively.
Specifically, the accumulation of primary damage, as
calculated through the simulations in Figure 9, agrees very well
with the experimental damage accumulation. Equally, the
predicted fatigue lives also show very good agreement.
The model has been implemented to consider a girth weld
in a pipe through a three-step global-local analysis process. The
approach successfully predicts the damage concentration
arising from the geometry of the weld and highlights the effects
on fatigue life of damage–induced plasticity.
The fatigue lives for the girth weld fatigue, shown in
Figure 13, and estimated with the combined LCF-HCF model
and the integrated NLCD model are conservative when
compared with the lives from the critical-plane SWT model at
larger wave amplitudes. On the assumption that the wave
period and amplitude are constant, the life estimated for a wave
of 7 m amplitude equates to 5 months of constant weather. This
corresponds to a 10-year winter storm before fatigue can be
expected to initiate.
It should be noted that the SWT model incorporates the
effect of mean stress via maximum normal stress on the critical
plane, as compared to the hydrostatic stress approach of the
damage models. Furthermore, stress-strain evolution and
consequences of damage are not included since an incremental
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